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ABSTRACT

The physiologlical sensation of hearing can be stimulated
by an alternating current applied to the head using small
electrodes. The major disadvantages of systems of this type
have been the lapge magnitude of driving voltage required,
~ 100 to 4000 volts, and the magnitude of power dissipated in
the head, ~ 1 watt.

The objectives of the paper were to investigate the basic
phenomena and to attempt to find a low power method for
production.

Previous successful experiments were reproduced during
the basic investigation phase. Selected combinations Sf
signal types and electrodes were then tested.

An extremely low power mode of operation was found ané
documented. Threshold values for a single tone were found to
be in the order of 10uA at 1l0uWatt makiang an extremely small

low cost hearing ald a possible application.
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1. INTRODUCTION:

"Of all the organs of the body, Tew aécomplish as much
in so 1it£1e«space as thé ear. If an engineer were to duaf
plicate iés'ﬁanctioﬁ, pe would have'to compress into -approx-
imately one cublic inch a sound system that inéluded~an
impédanrice matcher, a wide-range mechénical analyzer, a mo-
bile relay-andsamplification uiilt, a multichannel transducer

to .convert mechanical energy to eleétr}cai energsy; a system

to maintain a delicate hydraulicvbaiahce, and an Internal

two-way communicatioris system. Even if he could perform
this miracle of miniaturizssior, he prcbably could not hope
to match the ear&s=perfofmanceo. It can set itself to hear
thé low throb .0f a foghorn at one’end of its range and the
piercing wail of a jet engine at the other end.' It can make
the fine distinction tetween the 'music played by the violin
and the viola sectichs of a symphony orchéstra;' It can re-
ject. the hubbub ¢f a zocktail party while picking out a
single familiar voice. Evén during sleep the ear fuanctions
with inéredible éfficiency? because the brain can interpret
and éelect‘sighals passed to It by the egar, a man can sleep
soundly through noisy traffic arnd the b aring of a neighbor's
televisﬁéh set - and then awaken proumptly at~the.gently

urging of a chime alarm cloc¢k." [Ref.1]
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% o . The physiological égnsation of hearing can be stimulated
by an alternating current applied to théﬁﬁééd‘ésing,smal}
S JféiectrOQeSs In this thesis, this phenomqna shall be ¢alléd
‘&\}' “"Electrophonic Hearing."
The objectives of this paper -are:
1. . To investigate the basic phenorena.
2. To investigaie threshold levé1§.for various
electrical signals.
3. To iuvestigate fhreshold levels for varisus electrede
configurations and ¢ompositions. .

4., Tc attempt to find a low power mcde of operaztion.

A communications head set ut;liziﬁg this phenomena in a
Ioﬁer‘pQWer mode could have the Qplidwiné advantages: |
E4 ‘ 1., It couid be light, yet comp}eﬁeiy self-contained .
operating from a small battery. |

2. It would be reliable since it would have few parts,

none of which are moving.
3. Simplicity of circuitry, Aqsign, and maﬁqfact&re
wou1d~m§ke’suéh a set relatively dnexpensive,

4. It has been shown that this type devica could
ehhance ﬂormai hearing in high néise environment “when usgd
with ear plugs and suppressors {Réf.EJ.

5. Militany watch standefowho must yéar standard

e

headsets over their ears for any length of time would

e R
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.welcome these @eQicgs which could be Wan»comfchabi&

“behind the ezps.

6. It wOﬁ}d&gréatly improve the ability of a fman to

arby on a hormal conversation while guarding a radio net.

7. All things considéred; it might become a logical

replacement for the standard Navy headsct.: |

¥

8. It would be a lcgical and efficlent replacement for

all types of bone conduction type hearing aids.

‘;Hence,.gn iﬁvesfigatibn.WaSQ1aundhed‘to attempt to apply

‘the electroplhionic phenomena in the solid state range and te¢

devise a configuration to provide the above listed

advantages.

At present, there are two "systems' which use this efifect

for. commun..cations. One is the "NANCH," (non accoustic audio

coupling to the head), a procuct -of NADC, Johnsville [Ref.3].

The basic system is -shown below.

-

AMP,

ELECTRODES

Tigure I.‘Non Accoustic Auvdio Coupling to the Head:

row

£.3]
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‘éiafly available.® ‘The "Pransdermaphene” Qr¢§ides;audio

.. o RS 32 o T v el e g - ‘
The audio amplifier provides up to 4060 V of gudio;s;gnai,, .
and the D.C. pewer supply provides = 230 volts bias. ' .

The input power t&: the head is,in'thé brdér dg'ﬁatts~ah¢
Ls;coupled‘capacitivelg through twé-élt1trodés Eofh covered
with 35 mil dielectric materfal. ThexfagnituQé;oflthe
véltaggsfandwpower pr2clude the use of»th;s system as a
Self—cgntéined~ﬁﬁit.

The second of the twuo uﬁiﬁs is the "&rapéderﬁaphqne,"
built by Skinner of the Haval PostgradﬁéteUSchgbl'[Ref.HJ,
This device is a follow on of the reS@@rQh~of,fuharigh
[Ref.2] and is very similar 1n1opgratiﬁg.pagémetens“to:thé

research instrument which Fuharich has now made corimer-—

-

modulation of a 100 Kc :carriér. The drive voltage is = %00 -

vQTﬁS to two electrodes covered with 1/2 mil of milar.

LOCAL -
0SCIL-

LATOR [ : ——

| AMPLITUDE _ ‘
| MODULATOR [~ AMPLIFIER

s B

AUDIO
SIGNAL | ‘ :
SOURCE

Figure 2. Transdermaphone

-

1 Intelectron Corp., U32 W. 45th Street, Neﬁ‘York, New
‘York 10036. _
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The inauﬁ power to <he head ls again in the order ef

ﬁatp§. The buik of the c.rcuiﬁzy and co“acnarts raqu**ev
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The roview of Jreviouq research sn'us tbab th= ahove

and several @tfferena:mg?hods,,ngve y;eldga‘segg'suqqgss,

an&'that*furtheﬁ*iﬁVEétiéation~dﬁ the phepomens might lesd

to new techn;ques,,var“icularly dire»c9d to mLcH lcﬁpr

o
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pQwéﬁ requirements.

Before proceeding furthir it is nécessary to have a.

information is -contained. in the followifig section.
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{ II. BASIC OPERATION NF EAR

The ear may be divided 1into threce part:: the exterr=l
s ear, the middle ear, and the interral ear.
The external e consists of the pinna and the external
: auditogy meatus, the latter a tube closed af one end by the
tympanic membrane (ear drum).

The middle ear 1s made up of the tympanic membrane and
the ossicular chain, consisting of the malleus, incus, and
stapes. These elements are small bones contained within the
middle ear cavity. This air-filled cavity in the temporal
bone 1s normully closed, although it may be equalized to ex-

. ternal pressure via the eustachlan tube, whicg opens to the
ack of the throal. Thus, normally, in spive of the local
atmospheric pressure, the tympanic membrane w.1ll not haveaa
bias pressure due to a difference in the pressure inside and

outside the middle ear.

TYMPANIC
MEMBRANE COCHLEA
: 0SSICLES '
EXTERNAL
AUDITORY
MEATUS EUSTACHIAN TUBE
PINNA —

MIDDLE s
EXTERNAL EAR HAR IN1LERNAL EAR

Fipgure 3. Illustration of Ear
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The tympanic membrane is a flexlble structure which
closes the external auditory meatus. Rigidly attached to this
membrane is the malleus,

The malleus 1is in turn attached to the incus, which is
in turn attached to, and transmits motion to, the stapes.
This mechanical lever system acts as a pressure transformer
betweeﬁ the external and internal ear. This transformer ac-
tion 1is quite important as the tympanic membrane 1s a pres-
sure transducer operating in alr, while the stapes, which
drives the ov:l window of the cochlea, 1s a transducer oper-
ating on a liquid. Thus the tympanic membrane and the ossi-

cles provide an efficient impedance match between t.ue two

mediums, air and liquid.
The internal ear i< located within the temporal bone

and 1s made up of two connected parts, the semi-circular

" canals and the cochlea.

~Moleus o> Semicirculor ¢anels

Y
cusiony A0 U -~ OVAL WINDOW
meoln AN ~Cochlea

~Cochivar portition
Acwnd nindow

e
Eustochion — ’<
' tube




' The cocillea consists of a spiral cavity contailning

: fluld, various membranes, and the sensory elements of sound
; - detection. The cochlear cavity 1s coupled to the middle ear
, by twc openings, or windows, in the bone. These openings,
the oval window, and the round window, are each closed by =&
4 flexlble membrane in the window which isolates the middle and
ﬁ internal ear. The stapes of the c¢ssicular chain 1s attached
to the membrane of the oval'window as previously described.
The round window and its membrane serve as a pressure relief
for the cochlea.

% The spiralec cavity of the cochlea is divided alonyp
nearly 1its entire length by the cochlear duct. This flex-

ible enclosure lies between two additlon~l chambers, or

, scalae.

BAS. AR MEM2RANE

LOCHLEAR DUCT

REISUNFR S MEMBRAANE It o

[

VESTIBULAR CANAL =t mes

\

Figure 5. Cross Section of Couchlear tube

These two chambers are the sealia vestlibull, bounded at the

bottom end by the oval window, ana the scala tympani which is

-

bounded by the round window. At the top or apilcal end of the

cochlea there ls an area whore the cochlea duct is net precent
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and the two scalae are connected directly together. This is
the helicotrema. The helicotrema prevents a fixed pressure
from existing between the two scalae and thus across the
cochlear duct,

The cochlear duct is 1tself filled with fluild and made
up or bounded by the two membranes, Reissner's membrane, and
the baéilar membrane, It is in latter membrane that the
sensory structures of the ear are imbedded. It 1s the char-
acterisctic of the cochlear duct, and especially of the basi-
lar membrane, that determines the frequency localization
characteristics along the cochlea.

At this point it 1svpossible to trace the auditory signal
from its source to a signal from the cochlea. Sound vibra-
tions strike the hcad and pinna, traverse the external

mecatus, and excite the tympanic membrane. Movement of the

tympanic membrane causes moticn ¢f the stapes through the
mechanical linkage of the ossicles. When the stapes moves
it induceg fluid motlon causing a sequence of travelling
waves to traverse the scalae and excite the cochlear duct.
This motion excites the sensory receptors within the cochlear
duct and causes a neural output.

The cochlear duct has roughly a triangular cross section
and erxtends from the basal end to the apical end of the

cochlea, where the hellcotrema 1s located.
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Figure 6. Inner Ear with Unspiralled Cochlea

The scalae vestlbull and the scalea tympanl are fllled
with perilymph, a fluid having a density and a coefficient
of viscosity about the same as blood plasma. The cochlear
dﬁct contains endolymph, a'heavier, move viseous fluld., The
basllar membrane 1s a fibrous, thick elastic membrane ex-
tending from the bony shelf to the spiral ligament. Relssner's
membrane 1s very thin and flexible [Ref.5].

The organ ol Corti, lying on the basilar membrane, con-
tains about 2" 0006 hair cells with each cell containing four
or five halr-like elements. One end of each of these hairs
extends through the reticular lamina to the tectorial

membrane and is embedded there.
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Fiéure 7. Organ of Corti

The tectorial membrane 1s composed of a system of diagonal
fibers and a jelly-like material that yields to show move-
mgpts, but is resistant to quick mcvemen'.. It 1s hinggd at
! cnc side [Ref.5]. '

Motion of the basilar membrane creutes a shearing action

between the tectorial membrane and reticular lamina. This

shearing motion bends the hairs. Associated with each hair
are sensory cells in the Organ of Corti. The sensory cells
respond to the bendlng of the hair with electrical potential
changes which in turn are translated into action potentials
carried to the brain viu the VIITEh Cranial nerve.

In the process of tranSducing the accoustical waves, an

analog electrical signal is developed in the cochlea. By

placing clectrodes on the round window and the oval window,
a voltage waveforin may be observed which is of the same fre-

quencey and mogonltude as the impinging sound wave. Thus the

cochlea acts «3 a microphone [Ref.5].

17




On the other hand, the train of action impulses deli-
vered to the brain is not an analog signal, but consists of
a sequence of pulses. The repetition rate of these pulses
can follow frequencies of stimulation in the low range of
thé hearing spectrum.

Since an individual nerve fiber can not conduct more
than = 1000 pulses per second, this one to one correspondence
starts to break up at = 1000 Hz and no longer holds -~bove

= 3000 Hz,

18




. I1I. CHRONOLOGICAL HISTORY OF

ELECTROPHONIC/MICROPHONIC RESEARCH

p ., Over the years many authors have researched the inter-
esting phenomena of electrophonic audio stimulation.
Historically, Volta was the first to =xperiment with
electro~stimulation. Using his newly invented voltaic cells,
he investigated th possibility of using direct currents as

a possible means of communication [Ref.6]. Upon connecting

a battery of 30 or 49 "couples," he closed the switch and
produced a D.C. current between two metal rods which he had
. inserted into his ears. He reported "a jolt in the head,"
- after which he heard a noise like the "boiling of soup."
Apparently ihe experiment was unduly uncomforiavie, for

Volta éid not pursue it further.

It was in 1930, that the basis of current research was
established. Wever and Bray first described certain elec-
trical phenomena occurring in the accoustic nerve during the
reception of auditory stimuli. This effectl consists of a
voltage waveform at a frequency correcponding to that of
the stimulating sound. With amplification, épecch is repro-
duced, and the voice of the speaker can be recognized. They
concluded correctly that it was dependent upon the function-
al integrity of the cochica. Thelr now classic experiments
involved surgically Implanting clectrodes in the inner ecar of

a live cat, and then using the cat's ecar as a microphone to

10




drive a loud speaker system at an Accoustical Engineers

T Ry

convention [Ref.7].

Davis and Saul followed the work of Wever and Bray and
} . were able to show that the cochlea, not the accoustic nerve
was the origin of these "conchlear microphonics." [Ref.8]

Many of the electrcmechanical transducers found in

nature‘(Pizzo-electric crystal) are, iIn fact, reversible.
With this point of wriew Stevens [Ref.9] in 1937 attempted to
externally stimulate the cochlea with a voltage waveform.

A defect in early attempts at external stimulation was that

direct current was used. With A.C. currents Stevens was

. able to simulate audition and established the first

v thresholds for "electrophonic hearing."

Lad 232

These signals were applicd by filling the ear with a2
half molar salt solution, inserting a small brass electrode
into the solution, and strapping anotner electrcde (a brass

plate) to the wrist with a coaducting paste. The electrnde

on the wrist, called the indifferent electrode, was connected
to ground. This procedure was called the "Brenner Method."

The sounds heard by Stevens and his researchers were

poor, due to large amounts of distortion caused by the pre-
dominance of second harmonics. In 1939, Stevens observed
that by applying a positive D.C, potential to the active
electrode, the power of the second harmonic could be reduced,
and that of tne f{undancntal incrcased reducing the distor-

tion greatly. A negative D.C. potential to the actlive

electrode had the cupocite effect {Ref.10].

20
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Replacing the test oscillator with a radio, with no
polarizing voltage, the observer heard spsech as an unintel-
ligible sequence oi sounds. But, as soon as a D.C. poten-

tial of about +1.5 volts was applled, the speech became clear

and understandable {Ref.10].
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This figure illustrates how the electrical threshold

varies with the perceived Irequency. The upp=zr curve shows
the voltage across the middle ear needed for the observer
to hear the second harmonic when the fundamental has teen
suppressed by a negative D.C. polarizing voltage. The
abscissa shows the frequency perceived under these condi-
tions (the applied frequency was always an octave lower).

\
The lower curve shows the voltage needed for the obgerver
to hear the fundamental frequency componen% when a positive
D.C. polarizing voltage of 1.2 volts is applied between
the electrodes, in which case the applied freguency is in-
dicated by the abscissa. The Brenner m:ithod was used in
this experiment.

In 1940 Jones, Stevens, and Lurie demonstrated that
when an A.C. signal 1s passed through the head via a salt
solution in the external ear canal, a normal observsr hears
a tone which is related to the stimulus by a square law
[Ref.11]. That #s, if the sound heard is interpreted in terms
of motion of the tympanic membrane, then tre displacement
of the membranc is proportional to the square of the
instantancous voltage. .

These writers suggested the h;pothesis that the cavity
formed by the middle ear acts as an electro-static trans-
ducer. This hypothes.s accounted for the square luw re-
sponse and for certain quantitative aspects of th~ results,
This .dea has to mecet Lhe objuectlon, hé@ever, that persons

vithout. yrpanic membrancs are zble to hear by electrical

no
o



P T T TR SRV A TEITRTATONT (W G 6 L AP B o e T e M s i TR T TR
7 2

stiisulation. Tn order to determine the relation between
the hearing »f normal subjects and those lacking tympanic
membranes, 18 ears lacking tympanic membranes were stimu-
lated electirically. Eleven ears heard pure tones corres-
ponding in pltch to the frequency of the applied voltage;
seven heard a puzzlirg noise whose character was roughly
independent of the stimulating frequency. Examination
showed that the pure-tone :response in the operated ears

was purcly linear, independent of D.C. bilas in contradic-
tion to the quadratic response of rormal ears. Hence,

under electric.l stimulation normal and cperated ears hear
by means of "wo distinctly different mechanisms. The square
law response in normal ears is apparently mediated by an
clectrc-otavic action in the middie ear, The linear re-
sponse in opecrated ears may well be due to direct stimulation
of the cochlear openings.

Evidence was also presented that direcct stimvlation of
the auditory nerve, bypassing the cochlea, results only in
random noisc, independent of stimulus trequency [Ref.1l1l].

. Kellaway during research in 1940 determined:

1. Monaural beats may arise when an electrical and a K
mechanical stl.aulus are applled to the same ear.

2., The poychological attributes ascribed to the sen-
sations produced by the interaction of twe stimuli (beats)
wlth varying degeeces of difference in their frcequencies are
essentially similer whether two mechanigal stimuli ov &

mechanical and an olect=icali stlimulus are uced,




3. When a mechanical and an electrical stimulus of
identical frequgpcy are applied to the ear., it is.possible
- to cancel the one by adjusting the phase and intensity of
| the other [Ref.12].
These observations lead Kellaway and others to con-
clude that the two types of stimuli, mechanical and elec-

trical, activate the same cochlear elements a..d that the

activating force is mechanical in both cases.

Probably the most significant name in recent research
of audition 1iIs that of Georg Von Bekesy. He was awardad
the Nobel Prize in 1961 for his studies of the "traveling
wave" in the interior of the cochlea.

In 1950-1952 Bekesy made great strides 1n investiga-
ting the =2lectrophysiology of the cochlea. lis resu.ts indi- )
cated that the endolymph is surrounded by an electrically
insulating layer and that the inner part of the Organ of Corti
is almost completely protected frem external electrical flelds.
The only areas not so insulated are the round and oval win-
dows [Ref.13). He also indicated that for parts of the cochlea
near these two windows the cochlear tube can be considered
electrically as a transmission line [Ref.l4].

This would seem to indicate that to induce electrophonic
hearing we must couple an electrical signal either directly
or indirectly to tne round and oval windows.

Flottorp, working at Harvard under a Navy contiract in
1952 researched and tabulated five separate phenomena associa-

ted with electrophonic hearing by means of an externally
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applied stimulus [Ref.15]. He was the first to sericusly

research the "[fricative” effect. ¥iih a moving electrode on

the skin or on the roof of the ra.ti. th (basurver receives a

much sircenger sensaticn of hearing. Siher cenil-urations

A i efther wet ov

included a3 large area electrode on t:¢ B3N
dry; the usual sziv soluticr filled ear wi* - imrersed loc-
with mucour @ Issu~ 1nside

trode; an electrode in contact

middle ear; or an electrads in cortact with eptdciniis of

the meatus.

His results indlcated that the hearing of a tone 0!

any of the avove [ive conditions Iis probably cdue tc vikras

tions set up outside the ccehlea, although there

be at least four different transducing mecra

s researcn he surrmized the tympanic memdrane nog

to pr:vious

to be involved in the convercion of electrical energy into

mechanical vibration.
In 1904 Puhusrich and Lawrence decurmoanted

of stimulation first investipated bty Stevens in 1937. They

amplitude modulated a 100 KHe carvier with cuccessful re--

sult The 100 Kiz carricr apparently perforied the same
biological functlon as the D,C. blas [Ref.2

)
They named thelr rrocess "Tranasdermal Stimulaticn” and
now manutracture amplitude nmodulated rescearcet instrurents
nsing eleetredes covered with FNilar (capzcitively coupled),

with audio thresnolds for st ¢ Ltones in the 107 yats

reclon.




Sommer and Von Gierke took a hard look at "transdermal
stimulation” later in 196& in a study of the hearihg pheno-
mena in electro-static fields. 1In this study the head or
parts of its surface were exposed to 2n audio-modulated
alternating electro-static ield with and without a super-
imposed D.C. fie;d. The threshold data collected indicates
there is no othef auditory stimulaticn excepting mechanical
tissue excitation by the electro-static forces produced by
such flelds [Ref.16].

In 1964 Harvey and Hamilton, following the research of
Sommer and Von Clerke, presented data indicating strongly
that the mechanism of hearing in an amplitude mo-“ulated
radio Irequency field ccnsists only of bone conducted tis-
sue vibrationz to the c¢chlea produced by the electro-
mechanical pressures in the field [Ref.17].

Skinner, of the Naval Postgraduate School, builr his
"Transdermaphone" in 1966. This device based on the research
of Puharich, utilized an amplitude mocdulated 100 KHz carrier,
and has becen used to demonsirate and research several cf the
existing phenomena TRef. 4],

Returning to the non-AM configuraution, the Naval Air
Development Center of Johnsville, Pennsylvania, developed
the "NAACH" in late 1969. ™Tals wes possibly the first
al.tempt to incorporate the basic phencmena into a

communications rysten {Rof,3].




IV. DISCUSSION OF PREVIOUS EXPERIMENTAL RESEARCH

K

-

, In the afcrementioned research the efforts were in large
1 ’ part an atitempt to find an external system to simulate

E' audition by using electrodes on or near the head.

E' ReQiewing the basic design parameters of these investi-
s . .

} ] gations two major groups of varlables wvere observed and are

indicated below.

: A. BASIC TYPES OF ELECTRICAL SYSTEMS

1. Audlo TU'requency Stimulation 3Iystem

With one exception all experimental systems of this

type indicated that the response to stimulation by audic fre-
quenclies resuit in large amounts of distorﬁion produced by
se.ond harmonics. The exception 1c¢ in the case where the
observer has nce tympanic membrane, and via the Brenner me-
thod is able vo have the electrical signal impi.ge directly
upon the round and ovael windows. This is probahly the only
case of true inverse cochlear microphonics.

2. Audic Frequency Stimulation Plus a D.C. Bias 3ystem

It can be shown mathematically [Ref.ll] that if the .
ncad is considered & dielectric beéween two plates (clec-
trodes) of a capacitor with ore plate to the ground that the
addition of o positive D.C. bias c¢o the active eclectrode
wlll enhance the fundamental and reduce the second harmonic
and subsequently the distorticn., A ncg;tivo D.C. blas hus

the opposite offecel.
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3. Audio Modulation of a Radio Freguency System

Apparently A.M. produces the same blological effect
in stimulation as does the D.C. blas. Additionally, however,
this indicates that there must be a biologlcal detector that
demodulates the signal prior to the reception of the stimulus.

L. Audio Frequency Plus an A.C. Bias

This previously untested method invclves the linear
addition of the audlo signal to a constant radio frequency.
Experiments indicated that this system was no more

advantageous than audio with a D.C. bias.

B. BASIC ELECTRODE CONFIGURATION AND COMPOSITION

1. Capacitively Coupnled Electrcles

These electyrodes, mestly metal, covered with sceme
diclectric, evoked undistorted audition when used with a

positive D.C. bias to the active electrode or amplitude

modulation,
The inputl power to the head with these types of

electrodes 1: in all cases on the order of 1 watlt.

2. Bare EFlectrodes

By using bare electrodes (uninsulaicd) the magnitudes
of voltage and amperage nceoded for stimulation were greatly
reduced. In the majority of cases, however, the threshold
of' paln 1s below the threshold of hearing. Among the many

experiments, unly Flottorp [1nf.16] recorded significant

results using bure clecteods o, .

D
IR
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3. Direct Coupled Electrodes

In electrical systems the carrier of charées is the
electron. In blological systems the charge carriers are ions.
With bare electrodes the conversion of charge cerriers from
electrons to ions must take place in the interface between
the electrode and the skin.

As indicated by Dr. Marmont of the Naval Post-
graduate School, it can be shown, that dependent upon the
material of tne electrode, a gas or fluid barrier can build
up between the electrode and the skin. This fact 1s borne
out by scveral sclientists who indicate the decrease in
stimulus with time, when applied with bare electrodes.

Consequently, to bypass this problem, direct coupled
electrodes wnicnh convert eliectrons to ions pricr te reaching
the skin/c‘ectrode interface were fabricated. They consist
of a chemically pure silver disc; plat. i with silver chlo-
ride. The silver chloride provides an abundant supply of
chloride ions for transmission into the biological medium,

These types of direct coupled elec“rodes heve been
dubbed lonic electrodes. See Appendix A for fabrication
detalls. )

An ovuservation of previous research which proves to
have cignificance is that almost without exception,

electrodes were consistently usced in identical pairs.




V. EXPERIMENTAL PROCEDYRES AND RESULTS

Gathering the variables and parameters of the previous
investigators, a table was made of the possible combinations
and permutations. A systematic theoretical investigation of
the most interesting cases followed.

The factors considered were:

1. Type of system

a. Pure Audio
b. Audio plus D.C. Bias
¢. Audio Modulation of R.F. Carrier
d. Audio plus R.F.
2. Signal Magnitude and Ceompesition
a. Voltage Levels

b. Current Levels

¢. Frequency
d. Percent cf Modulation (when prescnt).

The major number of variables arises from the myriad of
different systems used to couple the electrical signal to the
head. DBriefly:

3. Electrodes v

a. Size

b. Contact Pressure
c. Locatlion

d. Number

e. Configuratlon

20
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f. Shape
g. Composition.
The theoretical combinations were compared and screened

with the resulting list of proposed experimental

combinations
l.. System (3 types)
a. Audio and D.C. bias
b. AM with 100 kc carrier, = 50% modulation |
¢. Audio plus 100 ke
2. Total Power input to the head was to be limited to
500 milliwatts in any reasonable combination of voltage and

> amperage, consistent with low power requirements.

d
c et A -~

. ’ 3. Electrodes, two 3/U4" discs, stationary (5 types)
a. Uirect Coupled Ionic, wet cor dry (2)
b. Capacitively Coupled,covered with 1/2 mil milar(2)
¢. Capacitively Coupled, covéred with 1 mil milar (2)
d. Bare Metal (2)
e. One Ionic, wet or dry to ground and one
capacitively coupled electrode covered with 1/4 mil milar.
4., Electrode Locatlon (3 configurations)
a. rorward of each car '
b. Behind each car

c. One electrode behind ear and one electrode to neck.

A circuiv was bullu to drive the listed combinations; lts

schematic is shown in JAyyendix B, Skinwmer's Transdermiphone
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was used in the tests involving AM wilth capacitively coupled
electrodes. The schematic of this device is shown in Appen-
dix C. The instrumentation used for the observations and
recording of data is shown in Appendix D.

Using the various combinations of indicated parameters,
the majority of previously successful experiments were per-
formed. The synthesized circuits proved to be very versatile
and successful in driving the many different types of
electrodes. ‘

The wet ionic electrodes, when used as a palr, lowered
the input impedance of the head an order or magnitude.2
However, the threshold of pain was well below the threshold
of hearing, in all four basic systems.

The addition of audio plus RF bias proved no more
efricient than audio plus a D.C. bias.

In all cases placing the electrodes behind the cars
achieved the best results,

Configurations using a D.C. bias showed that a positive
D.C. blas to the active clectrode improved the system,
whereas a negative D.C. bias degraded it, which bears out
earlier experiments.

At the end of the tests, with most combinatlons yielding
negative results, one combination wac observed to pe markedly

lower in both amperage and voltage requlred for audition.

2 Rg = 2198 Co = 714 n F
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The system was an audio signal plus D.C. blas with one
dry lonic electrode, and one capacitively coupled electrode
using a 1/4 mil milar dielectric. Both electrodes were
placed behind the ears.

In reviewing previous experimental work, it appears this
combinapion has been overlooked. Eesearchers have apparently
.worked with pairs of bare, or dlelectric covered electrodes,
but not with one of each.

It was immediately obviocus that this was an interesting
configuration, since the initial threshold determination at
6 KHz was 1.4 V(RMS) » uO”V(RMS)s and 56.0 pu watts. This 1is
approximately 45 db below the power required by the
transdermaphone and the NAAChH.

A standard andio signal generator was found to provide a
stimulus well in excess of that needed. Hence, the
experimental circuitry was reduced drastically. The revised

system and its components are shown below.

AUDLS e .
STGNAL POWER + 20 VOLVS3
GENERATO} SUPPLY
nl’—;—-—-v 0~ ,7;—% O~
s .il‘ HP 6216A
7 1P 200 Al Lo ; s
P
l/u IquJ
MTLAR
i TONTG
. RLECTLADE -

Figure Q. Electropteidce Effect with Low Pouer Podd
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. Subsequent tests were run on several observers to
gain knowledge as to the thresnold leveis. The composite
average threshold for 18 normal ears 1is shown #n the

following graphs.

30-&.
20 1
.. 8
& 10 |
< ]
X
T
= +
€3]
m g 3
129
5
O
1 + + + -+ + s + ¢ + —t
1 2 3 4 5 5 7 8 9 10

FREQUENCY (%Hz)

Figurc 10. Current vs. Frequency for Elcctropheonic Effect

v ————

PeIEE s




30

20 7
10 -
1
5 -
m <
=
[+ o r
P 1
£
5—1 -
e 1
i
T
< 4
[ 4
._1 <
Q 4
- .5 +
.l 1
{ 1 2 3 u 5 6 7 8 9 10
FREQUENCY (XHz)
Figure 11. Voltage vs. Frequency for Electrophonic Effect




. Current i: the major parameter in most blological elec-
- trical systems. 7This is borne out in the gfaph of’thfe;hold.
From = 250 Hz to 10 KHz the currént required for threshold of
a single tone is = 20pA.In order tc have enough power margin
to handle a band of frequencies, the amplifier built for the
desired receiver was a 5u0 ﬁA constant current amplifier
[App.E].
Results of the receiver were gcod to excellent. Speech

and music were easily arnd well recognizable. A slight tin-

ey

niless was observed due to the attenuation of frequencies

below 250 Hz.
The magnitude of the perceived sound was such that it could

L]
be masked by background noise. Further development is nec-
| essary to determinc the key parameters and to establish the

i - trade offs for magnitude optimization. Further research ;s'

indicatecd to establish the nature of the biologically

dependent transcduction at the surface of the ckin.

‘Thus it has been shown that using a&n extreme1§ simple cir-
cuit utilizing only microwatts of power, that a small self
contained electro-aural transducer can be bullt.

The applications are obvious and immediate. They range

from the possibie replacement of the standard Navy headset

to the possiblc replacement of all types of bone conduction

hearing aids.
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VI. SUMMARY

A. NEW RESEARCH OF THIS PROJECT

1. Audio and Radio Frequency Addition

This type' of bilasing, similar to that of tape re-
corded éystems yielded results very similar to that of audio
plus a D.C. bilas.

2. Jonle Electrodes

Wet Ag+AgCl electrodes, when used as a pair, by-
passed, in large part, the surface impedance and capacitance
of the skin.

By saturating the skin with a KCl solution and apply-
ing the wet electrodes, the Impedance of the electrode skin
interface is reduced to a point approaching that of the
impedance of dmplanted electrodes.

It was observed that, in ;;1 cases using the ionic
electrodes as a pair, the electrophonic effect ceased to exist.
Thls Indicates that the location of the electrophonic effect is

the top layers of skin, the dermis and/cr cdpidermis.

B. THE ELECTROPHONIC MECHANTISH

The mechanicm of e]chrophonia hearing can be compared
to the electro-static action of a capacitor whose plates are
separated by a variable distance. Under inhe influence of an
alternating current the plates of the capacitor wlll vibrate

at the frequoency of the applied current.
Using, paire of ldentlical clectrod o to the head, o in

previous vesearch, the comparicon of the ¢lectrode/head

37
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system to that of an electro-statlc capacitor is shown

below:

ELECTRODES

SIGNAL
INPUT

777

i RDBDN ul

CAPACITOR
PLATES

Figure 12. Capc.citor Analog Using Pair of
Capacitive Electrodes

Using the combination of ionic and capacitively coupled

electrodes, the same comparison 1s shown below:

1/4 MIL MILAR LLI‘“T COUPLED
~ METAL : L001 ELECTIONE
ELECTRODE,
SIGNAL ""L
INPUT | |
i | : [
! I
: | : : [7777 '
{
f 1 | !
] I | [}
[} ]
SIGNAL
\\
INPUT '\
DIELECIRIC  CAPACITOK PLATES rrm7

Higure 13, Capaclitor Analog Using Hybria Pair
with Tonie Blectrode

34
4RO v UV T




N St

The mechanical vibrations of the capacitor are dependent
upon the magnlitude of the applied signzl zand the attendant
electrical fleld.

The rield varies diresctly with the distance between the
plates, or the thickness of the dlelectric.

By using the hybrid electrode systom, the thickness of
the dielectric has been reduced from the width of the head to
1/4 mil. This large decrease in dieloctric thickaness allces
a corresponding large decrcase in current ragnitude required
to provide a field adecquate to cause rsibrations, ani,
subscquently, audition.

Tn all configuraticns tested, beat frequencies could be
observed vwhen one signal generator provided an electrophonic
5Limulus while anolhier siphal penvleior, al a siicit
different ‘requency, wals connected to a speaker,

This iIndicates that both the clectrerhonic si

Lée}
Ty

the pressure vave Trcim the caker zctivate the sare cechleoar

elenments. This being the cuce, it is concliuded trczt the tba-~

1

I
L

(@]

sic mechanism of the ~»lectrephonic phencrona is n

hanic .l
excitation of the top lavers of skin in responsc to an elec-

trical field and bone conductive of these vitraticn- throuph

o

- . - . .
the temporal bone causng mechanical motion of the rare

4y

coctilear olements used in nornal hearinre,

59

+




T T sy .

g™ T T iy e rmvgem

Tt T e
T, 7H 5y ey P

e e e v
on

APPENDIX A
PREPARATION OF IONIC ELECTRODES

Yonic electrodes are formed by plating silver chloride

onto silver,
A punch was used to cut 0.75" diameter silver discs from

a shzet of silver foll.
Tre discs were placed between two pleces of ortical grade

glass and weighted to ensure flatness.
An electrical lead was then soldered to the disc.Heating

the disc gently over a Bunsen burner removed the silver oxide.

W )

Clear dope was then applied to the lead ang the lead side
of the disc to cover the soldered joint. This 1s necessary to
keep the lead meral from convaminating the pliating process.

Bakellte discs, with a hole for the lcad were then glged

onto the sillver discs to provide structural strength.

The surfaces were prepared for plating by cleaning with

a commecrcial grade silver polish, folluwed by soap and water,

and finaliy alcohol,.
The discs to be plated are tied to the positive terminal

o' a 4.5 batter, and inscrted into a 1 molar solution of

KCl or NaCl.
A clean sllver strip 1s connected via lead wire (also

covercd with dope) to the negative terminal.

Current flow and plating actlon will start immedlately.

-~
-

A

Approximately on» minute 1s sufficient to provide
= 5 mil plate.

ho




APPENDIX B. TRANSDERMAPHONE
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APPENDIX C

JADIO FREQUENCY PLUS AUDIOC ADDITION
(WITH OR WITHOUT D.C BIAS)
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APPENDIX D
INSTRUHENTATION
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APPENDIX E .
ELECTROPHONIC RECEIVER
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Figure 18. Constant Current Amplifier Schematic

N6




 —

CN

10.

11.

12.

13.

BIBLIOGRAFPHY

Stevens, S.S., and Warshofsky, F., Sound and Hearing,

p.38, Time, Inc., 1965.

Puharich, H.K., and Lawrence
Stimulation Techniques of He
1963.

, J.L., "Electro-
aring,"™ USAF, RADC-TDR-63,

Naval Air Development Center Report No. NADC-AE-6922,
Non-Accoustic Audio Couplinz to the Head (NAACH),

Salmanjoh, H., 7 November 19

69.

Skinner, G.F., The Trané—Derma—Phone, A Research Device

for the Investigaticn of Kaa

io-Freguency Sound

Stimulation, 1.S.E.E. Thesis
Monterey, California, 1968.

Bekesy, G.Von., Experiments

, Haval lPostgraduate School,

in Hearing, McGraw-Hill,

1960.

Volta, A., "On the Elcctriceil
of Conducting Suhstances of
Phil. Trans., 90: 403, 1800.

Vever, E.G., and Bray, C.W.,
16:344 1930.

t

;! Excited
n rent

fferen

741
=)t

|l
-

Proc. Nat. Acad. Sci. Wash.,

Davis, H., and Saul, L.J., American Journal of

Physiology, 107:311, 1934,

Stevens, S.%., "On Hearing b
Journal of Lhe Acoustical So

y Electrical Stimulation,"
2iety of America, 8:191,

1937.

Stevens,S.S., and Jones, R.C., "The Mechanism of Hearing

by Electrical Stimulation,"
Society of America, 10:261,

Jones, R.C., and Stevens, S.
Mechanisins of Hearing by Fle

of the Acoustical Soclety of

Journal of the Acoustical
1339 .

S., and Lurle, M.H., "Three

ctrical Stimulation,” Journal

America, 12:281, 1940.

Kellaway, Petcr, "The Mcchanism of the Electrophonic

Effect," Journal of Heuronhy

Bekesy, G.Von., "Gross Locul
Oripin of the Cochlear lilere

Acoustical Soclety of Americ

W

siolory, 9:23, 1346,

ization of the Placc of
phienies," Journal of ‘he

a, 2H:399, tah,




AS Y

14.

15-

16.

17.

Bekesy, G.Von., "The Coarse Pattern of the Electrical
Resistance in the Cochlez of the Guinea Pig (Electro-
anatomy of the Cochlea),” Jourral of the Acoustical
Soclety of America, 23:18, 1951.

Flottorp, G., "Effect of Different Types of Electrodes
in Electrophonic Kearing,” Journal of the Acoustical
Society of America, 25:263, 1G53.

Sommer, H.C., and Von Glerke, H.E., "Hearing Sensations
in Electric Fields,™ Aerospace Medlcine,
September:834, 1964,

Harvey, W.T., and Hamilton, J.P., Hearing Sensztions in
Amplitude iodulated Radin Freguency Fieids, 4.S.E.E.
Thesis, Air rorce institute oi Technology, wrignt
Patterson Air Force Base, Ohio, 1964,




T N e R} YLy e

10.

INITIAL DISTRIBUTION LIST

Pefense Documentation Center
Cameron Station
Alexandria, Virginia 22314

Lirrary, Code 0212
daval Postgraduate School
Monterey, Califorria 93940

Director of Naval Zommunications
Department of the Navy
Washington, D.C. 2C350

Assor Professor Gerald D. Ewing, Code 52 Ew

Department of Electrical Engineering
Naval Postgraduate School

Monterey, Calirfornia 93940

A Y

Dr. Burl Grey
Monterey Institute of Speech and Hearing
Monterey, California 93940

Mr. M. Salmanjchn

Cormand and Contro! Division
Naval Air Development Center
Warminster, Pennsylvania 18974

Professor G. llarmont, Code 52 s
Department of Electrical Engineering
Naval Postgraduate School

Monterey, California 93940

Assoc Profecssor R.W. Adler, Coce 52 Ab
Department of Electrical Engineering
Naval Postgraduate School

Monterey, California 9399

Assoc Profecsor Steve Jauregl, Code 52 Ja
Departinent. of Electrical Englncering
Naval Postgraduate School

Monterey, California 92040

Dr. Eugene E. Glcye

Office of illaval Rescarch

Pasadena Branch Office

1030 East Green Strcet

Pasadena, California 91101 -

itq

No. Copies
2




11. LT Patrick W. Johnson, USN
USS Mt. Verncn (LSD-39)
Boston Naval Shipyard
Boston, Massachusetts




- ~ ';“ ‘";‘7‘ - S ‘nla‘;‘: - . . . L o » as
OSSN S R O S A S
' ‘J}Secun(y Classth'a BOM- Lo el s o v e et i T
{ ke ‘,""f — Q'tGOCUMENI O&TRQ&DJATA,:-‘R?Q- — T —
?’fi - ’ [ «Srruﬂ.r :ummwmn of vitte, body ol sbitract and induinn mouﬂon muxl be cmcnd when: tho onu" report-is d.n“..d)
é&i -él“ ?.! NA‘!ING AC‘)V‘}V’(COW." euthor) "7 T - ‘ . - ’; 10¢I£90KY !ECU.!?V CL‘AGMFICAYUON
=" I Naval Postgraduate School ° . . - - e anc:,Lf‘_SSif Ted el
S Monterey, California 939"0 TR . AT
e -_;x_, | e e i e AT L _ P . - ° Y ” L. ‘:‘\u—»n‘«" L.
:‘:eg"‘, -3 REPORT. rsu,t. o “. B _” . LTy - g B - -
ﬁ‘.,f b i o e - - - ~ ! AT - R e .;/’ 7 3 . W
SIS A Search for the Electrophonic Phenomena 1n the Microwatt Power i
= . Y »4"‘ Domain o ) - ) . - . o - ”.“: »
:scmnmt NOTYES ('ovpo o!upou md.lncluund 'cs) -l N R : ST S Ty ¢
X Master's Thesisi June 1971 S R &
o x.. Autuomtl{ﬂnlmmc.'mlddlo mum,,unaom) 8 o - . . i N = P
S 'ﬁatrickawa thﬁson‘,"’ S A AR | -3¢
0 ﬁtPORT OATR .. . - J787TOVAL NQ; OF PO-GES {30, NQ."?"ﬁQtFS < o :é .
June 1971 ; ) | VI 17 B O
‘H38. CONTRACT Oit GRANY NO. . -|o8. ORIGINATOR'S R:Poav NUMBER(S) .
" b, BROIECT NO. co N ' oL T ’ L k :”VE
‘ . , ' . . K
. ' ™ . - ) ) -jeb; s{“r*%;:oz;wojat NO{S! (Any olhof numbers m,c mt,f ba. assipned : " .
BT - i 14 g
Ty e d, i . - - ’ 5. g
10. DISTRISUTION STATEMERTY :
‘ ApprOV°d for public re7ease, distribution unlimited. ‘
" 11. SUPPLEMENTARY NOTES 12. !PONSORING MILITARY ACTIVITY
Naval Postgraduate School B R
Monterey, California 93940 :

13. ABSTRHACT

[PV

The physiological sensation of hearing can be stimulated by an
alternating current applied to the head using small electrodes.

The major disadvantages of systems of this type have been the large
magnitude of driving voltage required, - 100 ¢o 4000 volts, and the
magnitude of power dissipated in the head, ~ 1 watt.

The objectives of the paper were to investlgate the basic
phenomena and to attempt to find a low power method for production.

Previous successful experiments were reproduced during the
basic investigation phase. Selected combinations of signal types
and electrodes were then tested.

An extremely low power mode of operation was found and docu-
mented. Threshold values for a single tone were found to be in the
order of 1Cu) at 10pWatt making an extremely small low cost hearing
ald a possible appiication.
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